The global ridge system is dominated by oceanic rises reflecting large variations in axial depth associated with mantle hotspots. The little-studied Marion Rise is as large as the Icelandic Rise, considering both length and depth, but has an axial rift (rather than a high) nearly its entire length. Uniquely along the Southwest Indian Ridge systematic sampling allows direct examination of crustal architecture over its full length. Here we show that, unlike the Icelandic Rise, peridotites are extensively exposed high on the rise, revealing that the crust is generally thin, and often missing, over a rifted rise. Therefore the Marion Rise must be largely an isostatic response to ancient melting events that created low-density depleted mantle beneath the Southwest Indian Ridge rather than thickened crust or a large thermal anomaly. The origin of this depleted mantle is probably the mantle emplaced into the African asthenosphere during the Karoo and Madagascar flood basalt events. 1 , oceanic rises are thought to form via a hot fertile mantle plume producing a flow of plume-derived mantle to the ridge and down the subaxial asthenospheric channel, resulting in increased mantle temperature, ridge topography, and thickened igneous crust; this is the mantle wedge hypothesis (see ref. 2 for example). Studies of the Reykjanes ridge support this, with seismic crust thickening from about 6 km near the Gibbs fracture zone for 1,600 km to about 18 km at the Reykjanes peninsula, for example 3 . The Icelandic rise also has a long axial high consistent with such robust magmatism 4 ( Table 1 ). The current consensus is that the igneous crust thickens over the Marion Rise, and indeed up all rises 5, 6 . The basalt sodium contents, as at other rises, decrease systematically with proximity to the Marion hotspot, and are interpreted to represent higher degrees of mantle melting and thicker crust 7 . Such correlations, however, can be due to variable mantle temperature or to an increasingly depleted mantle source composition, and do not require thicker crust 8 . The Marion Rise, in particular, has numerous large-offset transforms that would block subaxial asthenospheric flow 9 , and its deep rift valley indicates weak rather than robust magmatism 4 . Niu and O'Hara 10 , although assuming thick crust over rises, suggest that the global correlation of basalt chemistry and ridge depth is best explained by mantle composition variations, with many rises supported by depleted chemically buoyant mantle, as for the Iceland 11 and Azores 12 rises. The only available seismic data predicts 2-6 km of crust in the Southwest Indian Ridge (SWIR) rift mountains at 57u E and 61u E (ref. 13) . Modelling using sea surface gravity gives 2-4 km in the eastern SWIR, but around 6-12 km north of Marion Island 14 . Given that mantle peridotites are locally abundantly exposed, however, 6-12 km of igneous crust seems unlikely in the latter region. Muller et al. 15 found the Mohorovičić discontinuity (the Moho) 5 6 1 km beneath the Atlantis Bank at 57u E, but concluded that it could be a serpentinization front. Similarly, the seismic determination of crustal thickness at 61u E is at odds with mapping east of the Melville fracture zone that shows the ridge to consist of local magmatic centres linked by nearly amagmatic oblique segments producing ''smooth'' sea floor 16 . Hence, the equivalency of seismic and igneous 'crust' is not established for slow-and ultraslow-spreading ridges 17 . All estimates of ocean crust thickness are by inference from geochemistry, seismic data and gravity. Nowhere have they been tested by direct geologic constraints, which would require deep-ocean drilling. Mapping and sampling in lower crust and mantle exposed in oceanic core complexes, however, can constrain crustal thickness 18, 19 , and the mantle wedge hypothesis suggested that 4-8 km of crust might be present. Instead of thick crust, however, H.Z. found nearly amagmatic spreading, supporting our interpretation of sampling elsewhere on the ridge.
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Tectonic setting
The SWIR is a highly oblique ultraslow-spreading ridge with a nearconstant full rate of approximately 14 mm yr 21 (ref. 21 ), extending 7,700 km between the Bouvet and Rodriguez triple junctions (Fig. 1) . East of the Bouvet triple junction at 25u E it is abruptly offset about 1,800 km to the northeast by the DuToit, Andrew Bain, Marion, and Prince Edward fracture zones 22 . There it crosses the flank of the Southern Ocean geoid high, following a subdued positive arch over the Marion swell from the Andrew Bain fracture zone to the Gallieni fracture zone. The Marion Rise extends for around 3,400 km, starting at a depth of 4,800 m at 27u E before rising abruptly to a depth of 858 m at 36u E, and then down to 5,150 m at 63u E. A 1.5-km-high and 70-km-long axial volcano at 36u E forms a short axial ridge marking the maximum volcanic activity on the rise. This is attributed to flow of plume-derived mantle to the ridge from beneath the Marion hotspot 256 km to the south 23 . Gravity, however, indicates that any influence of the Marion hotspot is limited to west of the Discovery II fracture zone 9, 24 . Except for the 36u E segment, the entire SWIR has a deep axial rift. The SWIR east of the Indomed fracture zone formed by propagation of the Rodriguez triple junction over the last 64 million years 21 . It has regularly spaced non-transform discontinuities, short oblique amagmatic segments, and the Atlantis II, Novara, and Melville transforms. Figure 1 shows a compilation of satellite-navigated dredges (Supplementary Table 1 ), with which we interpreted crustal architecture along the SWIR (see Methods). Peridotite and gabbro are widely distributed over the entire ridge, although most dredging focused on rift-valley neovolcanic zones. This severely biased recoveries to basalt, as even a thin lava veneer prevents the sampling of plutonic rock. Dredges on rift-valley walls, non-transform discontinuities, and transforms are comparatively few, except along the western SWIR and the Atlantis II fracture zone. From 9u-35u E and 41u-47u E (ref. 25) peridotite is abundant, demonstrating thin or missing basaltic crust and enormous mantle exposures [25] [26] [27] . Despite its frequent occurrence, however, gabbro is volumetrically scarce, and, excluding the Atlantis II fracture zone (Fig. 2b) , accounts for less than 11% of the plutonic rocks dredged along the SWIR (Fig. 2a) . Thus, while gabbro and peridotite occur in 25 dredges at 9u-16u E, there is 1,570 kg of peridotite but only 49 kg of gabbro. With only scattered basalt flows dredged in the rift valley, this is essentially a 400-km-long 'amagmatic' segment 28 . Similarly, although there are 21 peridotite-bearing and 17 gabbro-bearing Scripps Protea Expedition dredges from 31u-39u E, they recovered 3,451 kg of peridotite, and only 799 kg of gabbro.
Geology
Most SWIR peridotites are partially serpentinized (20%-70%) statically altered granular rocks with fine serpentine vein networks ( Supplementary Figs 1 and 2 ). They have protogranular texture with smooth, curved grain boundaries interlocking with olivine, or an overprinting porphyroclastic texture due to high-temperature crystalplastic deformation. Associated mylonites, which constitute around 5% of abyssal peridotites 29 , reflect extreme deformation produced by strain localization, with olivine-spinel geothermometry indicating closure temperatures of about 600-750 uC (ref. 30) . Hydrothermally altered and sheared talc-serpentine and talc-tremolite schist represent less than 10% of the peridotites. These assemblages reflect progressive strain localization from high-temperature crystal-plastic deformation (at over 1,000 uC), followed by mylonite formation, to low-temperature brittle faulting accompanying unroofing and final emplacement to the sea floor 19, 31 .
The 536 E amagmatic segment RESEARCH ARTICLE its midpoint, plunging from a water depth of 3.9 km to over 5 km at the 107-km-offset Gallieni fracture zone. The rift valley lacks an axial high, and is bowed north at its centre. Eleven dredges and three television-guided (TV) grabs (which spot-sample the sea floor) collected about 1,938 kg of rock (Supplementary Table 2 ). The Scripps Institution of Oceanography Indomed Expedition Leg 8 sampled peridotite (dredge 12) and basalt (dredge 15) from the western Gallieni Transform wall, and basalt low on the eastern wall (dredge 13), while the RV Marion Dufresne Edul Cruise Leg 107 dredged 2 kg of dunite and 20 kg of basalt from the rift-valley centre (dredge 69). RV Dayang Yihao recovered 422 kg of basaltic rock. Diabase occurred with peridotite in dredges 6 and 8, with a small gabbro xenolith in one diabase. The remaining basalts are fine-grained to very-finegrained, some with pillow rinds and one with glass. They are heavily weathered, but hydrothermally unaltered. Where associated with peridotite outcrops, they are probably hanging-wall debris rafted on fault footwalls. A 250-kg gabbro block from the eastern inside-corner high and seafloor physiography indicates a possible 380-km 2 gabbroic core complex there, consistent with volcanic crust indicated by the eastwest lineated terrain in the eastern rift mountains.
Peridotite is extensively exposed in the western half of the segment and to the north and south in the rift mountains flanking the Gallieni fracture zone. The western outside-corner high lacks well developed ridge-parallel lineations, consisting instead of small domes where 204 kg of serpentinized peridotite and a small amount of gabbro were dredged. Seven stations in the southern rift mountains recovered around 1,062 kg, mostly harzburgite. Three en echelon domed ridges, progressively staggered to the north from the transform to the segment centre, flank the western rift valley. They are about 8-11 km wide and 20-28 km long, shoaling to 1,000-2,800 m depth, with the largest emerging from the centre of the rift valley. TV grabs from the eastern and westernmost domed ridges recovered serpentinized granular and mylonite peridotite. Immediately south of the easternmost, dredge 8 recovered diabase, gabbro and serpentinite from a large 28 km 3 13 km north-south corrugated dome. Further southwest at about 36u 289 S, peridotite was dredged at three locations on another irregular ,20 km 3 35 km domed region with evidence of north-south corrugations. Peridotite with a diorite fragment was found on the transform wall at the end of an east-west ridge at approximately 36u 409 S (dredge D4-2). Outside these mantle exposures, only basalt was dredged to the southeast of D4-2, defining the limits of the mantle outcrops. The peridotite exposure flanking the Gallieni transform, then, is about 110 km in the spreading direction and up to 60 km wide, or about 3,200 km 2 -probably much bigger if the peridotite outcrops extend further north.
Compared to other large fracture zones, the uplift at the western inside-corner high is modest, composed of the three small axis-parallel domes, rather than one large dome, similar to those found on the opposing outside-corner high. These are distinct from more regularly lineated terrains characteristic of rifted volcanic crust in the eastern rift 
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mountains. Such terrain is also inconsistent with the asymmetric detachment faulting seen at large oceanic core complexes. Rather, it is generally associated with block faults exposing massive peridotite at amagmatic ridge segments 16 . The broader domes sampled by dredges 1, 5, 6 and 8, however, feature corrugations and some mixed lithologies characteristic of oceanic core complexes. Bathymetry and dredging, then, indicate a progressive eastward transformation from magmatic to amagmatic spreading from about 9.4 million years ago to the present in the western portion of the 53u E segment (assuming symmetric spreading), with the formation of core complexes followed by more symmetric block faulting exposing an enormous region of partially serpentinized peridotite.
Spinel in 16 peridotites from seven stations from the rift mountains and eastern Gallieni fracture-zone wall (Supplementary Table 3 ) and ten peridotites from two stations from the western wall (H.J.B.D., personal communication) have average spinel Cr 3 100/(Cr 1 Al) < 30 corresponding to about 12% average melting 32 of a hypothetical primitive upper-mantle composition 33 . A basalt glass fragment from the 53u E segment has Na 8 of 2.8; whereas those from the ridge to the east and west have average Na 8 
Crustal architecture
Abyssal peridotites have three principal emplacement modes, each with characteristic unique textures, distribution, and associations (see Methods). These include diapiric emplacement of highly sheared talc-serpentine schists and serpentinites along both low-and highangle faults cutting laterally or vertically through the crust into peridotite. Texturally, however, most abyssal peridotites are typical of those in large ophiolite peridotite massifs. Consistent with this, 65 of 119 SWIR peridotite dredges recovered no gabbro, and many of the rest only gabbro veins. A typical dredge covers 500-1,000 m, and multiple dredges often find little but peridotite in an area. A detachment fault exposing mantle peridotite from beneath 4-8 km of gabbro and basalt requires many kilometres of throw and heave, and gabbroic hanging-wall debris should be scattered over the fault surface along with pillow lava and diabase. There would also be gabbro inliers in the footwall owing to fault imbrication.
Where ocean drilling or mapping has found massive gabbro, as at the Atlantis Bank and the Atlantis massif, it is extensively exposed intruding peridotite on the transform wall (Fig. 2c, d) . Similarly, at 23u N on the Mid-Atlantic Ridge (MAR) gabbro complexes intruded into mantle peridotite were mapped by dredging 34 and then confirmed and extended by seismic refraction 35 . A series of Ocean Drilling Program (ODP) holes in MAR tectonic windows at 14u-16u N (ref. 36 ) also confirm a 'plum pudding' model of gabbro intrusions in serpentinized mantle 37 constructed from bathymetry, dredging and diving. In these holes abundant gabbro veins and dikes were consistent precursors of larger gabbro bodies. The numerous gabbro veins and intrusions in peridotite on the transform wall of the Atlantis massif (Fig. 2d) then suggested the presence of the over-1,400-m gabbro body later drilled a few kilometres to the north. In all these cases, gabbro is far more abundant than it is generally along the SWIR. Moreover, gabbroic core complexes, such as the Atlantis Bank 38 , the Atlantis massif 18 , the Kane Megamullion 19 , and 23u S (ref. 39) all show that where gabbroic crust is present, detachment faults root there, not in the mantle. Thus, on the basis of rock textures and distribution, the SWIR peridotite localities mainly represent massive partially serpentinized mantle exposed over large seafloor regions.
Thus sampling shows thin or missing crust over the Marion Rise. Although peridotite is exposed on transform walls by detachment faulting rooted through the nearby dike-gabbro transition, as at the Atlantis II fracture zone, in most areas the associated gabbro bodies had to be very small. Many peridotite exposures, as at 53u E, are due to amagmatic spreading. Where gabbro is largely missing, the crust is probably limited to ,1-2 km, based on the known depths of the dikegabbro transition, and hence the conductive-advective heat flow transition beneath ridges 40 (cooling is too rapid for gabbro to form in the advective cooling regime). In rare areas, as at Atlantis Bank, where gabbro is abundant, the crust may be over 4 km thick 18 , whereas in regions where largely mantle is exposed it may be largely missing. With this degree of lateral heterogeneity a precise estimate of average crustal thickness is difficult. It is possible that in the eastern SWIR, where 'smooth' sea floor indicative of block and detachment faulting predominates 41 , the average crust could be as little as 1 km, and that over the Marion swell, where regions with more igneous crust may occur, the average crust could be about 2 km. But geologically, there is not nearly enough crust along the ridge to explain the formation of the Marion Rise using any model that precludes mantle compositional buoyancy as the major contributor.
Discussion
The numerous exposures of mantle peridotite and sparsity of gabbro over the Marion Rise overturns the iconic model that rises are all characterized by thick crust. This confirms the hypothesis that ocean rises can be supported by highly depleted buoyant mantle. Opposing models with uniform mantle composition and large variations in mantle potential temperature require correspondingly large variations in crustal thickness 20 . Differences between rifted and axial rises also cannot be attributed to spreading rate, as this is virtually uniform along the Marion Rise, and varies little up the Iceland and Azores rises, whereas the spreading rates of the rifted Marion and Azores rises bracket that of the axial Icelandic rise (Table 1) .
Without a large flux of hot primitive mantle or thick crust, a rifted rise can be supported by a thermal or compositional anomaly. For the latter case, Niu and O'Hara 10 analysed global ridge-depth variability but found no convincing evidence for ridge temperature gradients exceeding 50u-100u K (ref. 10). They point out, however, that below about 70 km in the garnet peridotite facies, the density difference between fertile garnet lherzolite and depleted harzburgite is very large [10] [11] [12] 42 -as much as 1.2%. Consistent with the large compositional variation of abyssal peridotites 8 , a 0.6% density contrast can easily account for the global ridge-depth variation, requiring compensation down to 458 km. Proportionately then, the local 2.1-km Marion Rise depth anomaly could be compensated in the upper 200-250 km entirely in the asthenosphere. Even assuming large temperature anomalies, however, it has been noted 43 that the Hawaiian swell, possibly the largest thermal plume on the planet, has a peak amplitude of only about 1.4 km. Similarly, Ito et al. 44 found that only 1.3 km of their predicted 3.7-km Icelandic topographic anomaly could be supported by a 180 uC mantle temperature anomaly, the rest being an isostatic response to crustal thickness. Thus, it is very unlikely that the geriatric Marion plume could account for the 2.1-km depth anomaly along the Marion Rise.
Mantle composition gradients along rises can explain their gravity signal, which, when modelled assuming uniform mantle composition, predicts 8-10 km of crust on the Marion and Azores rises 14, 45 . Varying serpentinization depth is not a likely alternative because serpentine is unlikely to be stable to a depth of 9-10 km beneath a ridge. Models for the Moho as a serpentinization front attribute this to tectonic uplift into the rift mountains as the lithosphere cools into the serpentine stability field 46 . Where the Moho is probably a serpentinization front at the Gakkel ridge, the seismic crust is only 1.9-3.3 km thick 17 . Such a front is controlled by the thermal structure at the ridge axis, and if anything, its contribution to the depth anomaly should be negative if mantle temperature and crustal thickness increase towards the high.
We have shown that a large region of previously depleted mantle supports the Marion Rise rather than down-axis intrusion of hot primitive mantle (Fig. 4) . Thin crust requires this explanation, because any thermal anomaly requires a more refractory mantle to offset the accompanying increase in melting. Without an enormous RESEARCH ARTICLE thermal anomaly, mantle density variations seem to be the only possible explanation. The SWIR formed with the breakup of Gondwanaland about 180 million years ago, and the asthenosphere beneath the ridge was drawn up from beneath southern Africa, Madagascar and Antarctica. Therefore, it probably represents the depleted source mantle for the Karoo, Madagascar, and Ferrar flood basalt events emplaced into the asthenosphere. If this mantle represents compositionally buoyant mantle plumes, the depletion may go back even further in Earth history.
The other major rifted rise-the Azores Rise-is similar to the Marion Rise. It has only a 95-km-long axial high at its crest, and a deep axial rift along the rest of its 2,900-km length. Despite a focus on the neovolcanic zone, as at the Marion Rise, almost accidental sampling has found peridotites exposed at numerous locations up its length ( Supplementary Fig. 3) . In conclusion, then, there are two classes of rise: axial and rifted, one robustly magmatic, the other weakly so. Although their associated hotspots and tracks indicate related origins, the dramatic differences between them require explanation. We propose that, in general, the robustly magmatic axial rises are largely supported by present-day melting anomalies, and the weakly magmatic rifted rises are largely supported by mantle residues from the earlier history of the associated plumes.
METHODS SUMMARY
To interpret the crustal architecture along the SWIR, we collected as much detailed information on the proportions, state of alteration, tectonic and igneous fabrics, and primary igneous petrology of our rock samples as we could. This data was then used to identify the probable manner in which these samples were exposed to the sea floor, whether emplaced as large massifs by detachment faulting, or serpentine diapirism up high-angle faults that cut either vertically or laterally into mantle rock 50 . We took particular care to exclude talc-serpentine and talc-tremolite schists and highly sheared serpentinites when assessing the proportion of mantle rocks collected from the sea floor that represent major basement outcrops.
Critical to our methodology are mantle and lower-crustal rocks exposed by detachment faults at oceanic spreading centres. These faults often operate for millions of years, exposing peridotite and gabbro on their footwalls, while the volcanic carapace spreads in the opposite direction. This produces oceanic core complexes that can expose many hundreds of square kilometres of plutonic rock on the sea floor, providing sections into the deep crust and upper mantle of regional significance. Their discovery and exploration over the past 20 years has revolutionized our understanding of crustal accretion at slow-and ultraslow-spreading ocean ridges. A further development, which we discuss, is the discovery of large areas along the SWIR where there is little igneous crust, and mantle rock spreads onto the sea floor in both directions by extensional block faulting at amagmatic accretionary ridge segments. Thus, interpretation of the data used here is a product of many years of exploration of plutonic rocks outcropping on the sea floor, as well as ocean drilling deep sections into lower crust and mantle massifs, which has led to an understanding of the mechanisms by which they are emplaced and their tectonic significance. ARTICLE RESEARCH
